To understand whether expression of membrane-anchored heparin binding epidermal growth factor (proHB-EGF) is involved in renal epithelial cell survival, rat membrane-bound HB-EGF precursor was stably transfected into a renal epithelial cell line, NRK 52E cells (NRK proHB-EGF ). 
Mammalian kidney tubules are comprised of a single layer of polarized epithelial cells attached to a basement membrane. As with other cells, the epithelial cells of the kidney are susceptible to injury by toxins or ischemia, which can predispose to either necrotic or apoptotic cell death (1) (2) (3) (4) (5) (6) . Accumulating evidence indicates that locally produced growth factors may serve as mediators of regeneration of renal epithelial cells following acute injuries (1, 2, 7) . Specifically, previous studies have suggested that EGF, 1 or members of the EGF growth factor family, may play an important role in repair of renal injury (8, 9) . After either ischemic tubular injury or folic acid nephropathy, EGF receptor density increases (10 -12) , and subcutaneous injection of EGF or TGF-␣ significantly accelerates [ 3 H]thymidine incorporation and recovery of epithelial cell function (8 -11, 13, 14) . Expression of one of the EGF-like growth factors, heparinbinding EGF-like growth factor (HB-EGF), increases in the kidney in vivo in response to acute renal tubular injury (15) .
Acute epithelial cell injury disrupts cell polarity, cell-cell and cell-extracellular matrix contact (16 -18) . It has been proposed that cells are programmed to undergo apoptosis by default and require specific extracellular signals to survive. Confluent epithelial cells can be maintained for long periods of time in the absence of exogenous factors; however, at low cell density with no cell contact, epithelial cells undergo programmed cell death if exogenous growth factors are not provided (19) . Similarly, when cultured epithelial cells (Madin-Darby canine kidney) are prevented from forming normal cell-extracellular matrix attachments, they undergo programmed cell death (20) .
As with other members of the EGF family of growth factors, HB-EGF is synthesized as a membrane-anchored precursor (21) . The precursor for HB-EGF (proHB-EGF) exists as a 206 amino acid transmembrane protein and undergoes processing to an 86 amino acid secreted protein (mature HB-EGF) by a protein kinase C-dependent process (22, 23) . Both membrane bound TGF-␣ precursor and prepro-EGF have been shown to activate the EGF receptor in adjacent cells (24) , and recent studies have also indicated that proHB-EGF may be capable of juxtacrine stimulation of cell proliferation (23, 25) .
Since exogenously administered EGF prevents apoptosis in subconfluent epithelial cells (19) , our hypothesis is that in confluent cells with normal cell-cell contact, membrane-anchored HB-EGF may serve as one of the mechanisms to prevent cell death of either normal or injured epithelial cells. In the present studies, we found that membrane-bound HB-EGF promotes renal epithelial cell survival in the absence of exogenous growth factors by promoting cell-matrix and cell-cell interactions. We further found that neither exogenously administered HB-EGF nor conditioned media from cells expressing membrane-bound HB-EGF provided equivalent cytoprotection, suggesting that juxtacrine or tightly coupled paracrine interactions underlie the actions of membrane-bound HB-EGF.
EXPERIMENTAL PROCEDURES
cDNA and Vectors-Male Sprague-Dawley rats, weighing 150 -200 g, were given gentamicin 200 mg/kg every 12 h for two days to increase renal HB-EGF mRNA expression (26) . Following sacrifice, kidneys were removed for total RNA extraction by the acid guanidium thiocyanatephenol chloroform method (27) . Poly(A ϩ ) was further purified by affinity chromatography on oligo(dT)-cellulose. Rat membrane-anchored HB-EGF cDNA was amplified by reverse transcriptase-polymerase chain reaction from gentamicin-treated rat kidney RNA of a 692-base pair fragment representing the rat membrane-anchored proHB-EGF coding region (28) . The primers used in this study were GGACCAT-GAAGCTGCTGCCGTCG and TAAGGAACCGCCATCTCAGAAGT, and polymerase chain reaction amplification was carried out for 30 cycles at 94°C for 30 s, 72°C for 60 s, and 58°C for 45 s. The polymerase chain reaction fragment was ligated into pPCR TM II vector (Invitrogen, San Diego, CA), and the HindIII-NotI digested cDNA fragment of membrane-anchored HB-EGF from this plasmid was ligated into a eukaryotic expression vector (pRc/CMV plasmid) (Invitrogen).
Transfection-NRK 52E cells were transfected by Lipofectin (Life Technologies, Inc.) with proHB-EGF/pRc/CMV and selected by continuous growth in G418 (400 g/ml Geneticin; Life Technologies, Inc.). After 7 passages, 60 individual clones were isolated and screened for proHB-EGF expression by slot blot and Northern blot analysis using a 32 P-labeled EcoRI-digested membrane-anchored HB-EGF cDNA fragment. Six clones expressing high levels of message were identified. Two of these clones, E15 and E56, were routinely utilized in these studies. Unless otherwise indicated, all results represent experiments in which both of these clones were used. As a control, NRK 52E cells were also transfected with pRc/cCMV plasmid alone and grown and maintained in G418.
Cell Culture-Nontransfected NRK 52E (WT) vector-transfected NRK 52E (NRK vector ) and membrane-anchored HB-EGF-transfected cells (NRK proHB-EGF ) were grown in DMEM (Sigma), containing 10% fetal calf serum (FCS, HyClone, Logan, UT) supplemented with 100 units/ml ampicillin and 100 g/ml streptomycin. Transfected cells were routinely grown in G418 (400 g/ml). To examine rates of attachment, cells were plated at a density of 1 ϫ 10 5 cells/35-mm plates in replicate dishes; at the indicated times, media were removed, the plates were washed three times with Hanks' balanced salt solution, and adherent cells were counted. For studies of interruption of cell/ECM association, cells were grown to confluence in 10-cm plastic tissue culture dishes, trypsinized, and replated at a density of 1 ϫ 10 4 cells/well into 96-well plastic culture dishes that had been coated with polyHEMA (poly(2-hydroxyethyl methacrylate), 10 mg/ml solution in ethanol) (Sigma)) or were spread on 96-well plastic culture dishes containing 1 mg/ml of the peptide GRGDTP (Peninsula Laboratories, Belmont, CA).
For determination of [ H]thymidine was added and incubation was continued for an additional 4 h. Cells were washed twice with ice-cold phosphate-buffered saline and incubated with 10% trichloroacetic acid for 30 min on ice. After rinsing with ethanol, acidprecipitable materials were dissolved in 0.25 M NaOH, 0.1% SDS and counted by scintillation spectrometry (19) . For determination of cell viability, 10 l of MTT (3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium bromide) solution (5 mg/ml in phosphate-buffered saline(Ϫ)) was added to each well. Cells were harvested by adding 0.04 N HCl in isopropanol after 4 h, and A 590 was measured by microplate reader. Cell viability was also assessed by cell counts and determination of floating cells.
RNA Isolation and Northern Blot Analysis-Total RNA from cultured cells was isolated by the acid guanidinium thiocyanate-phenolchloroform method (27) . Aliquots of total RNA, each consisting of 10 -15 g, were subjected to electrophoresis, transferred to S & S Nytran nylon membranes (Schleicher & Schuell), and fixed to the membrane by exposing to UV light. The membranes were prehybridized in a solution of 50% formamide, 5 ϫ SSC, 0.5% (w/v) sodium dodecyl sulfate, 5 ϫ Denhardt's solution, and 100 g/ml salmon sperm DNA at 42°C. Following prehybridization, blots were hybridized with 0.5-1.0 ϫ 10 7 cpm/ml of 32 P-labeled cDNA overnight at 42°C. The cDNA probes used included a 686-kb EcoRI fragment of rat membrane bound HB-EGF, 1.3-kb PstI-BamHI fragment of rat type I collagen, 2.23-kb EcoRIBamHI fragment of rat type III collagen, and a 2.2-kb PstI-PvuII fragment of rat type IV collagen labeled to Ͼ10 8 cpm/g by the random priming procedure using a commercially available kit (Amersham). After washing twice with 2 ϫ SSC for 15 min at room temperature and at 65°C with 1 ϫ SSC, 0.1% SDS for 15 min, and finally with 0.2% SSC, 0.1% SDS for an additional 15 min, the membranes were exposed to Kodak X-Omat AR film at Ϫ70°C with an intensifying screen. The blots were stripped and reprobed with a human glyceraldehyde-3-phosphate dehydrogenase cDNA using the conditions of labeling, hybridization, and washed as described above. The levels of mRNA were quantitated by densitometry (Hopfer Scientific, San Francisco, CA) and normalized to glyceraldehyde-3-phosphate dehydrogenase expression.
Immunofluorescence-Indirect immunofluorescence was performed as described previously (30). In brief, cells were cultured with DMEM containing 10% FCS in 6-well plastic dishes, and subconfluent cells were fixed with 1% glutaraldehyde in phosphate-buffered saline for 30 min at room temperature, then reacted with a goat anti-rat HB-EGF antibody raised against recombinant rat HB-EGF (31), and followed by the fluorescein-isothiocyanate-labeled goat anti-rabbit IgG that had been preabsorbed with normal rat serum to avoid nonspecific binding. Negative controls consisted of substitution of the primary antibody with an irrelevant IgG mouse monoclonal antibody, nonimmune goat serum or phosphate-buffered saline and were entirely negative for immunofluorescence.
Determination of Apoptosis-Two different markers of apoptosis were utilized: determination of typical apoptotic bodies stained by Giemsa dye; and DNA laddering by agarose gel electrophoresis. For the latter, subconfluent cells were rendered quiescent by incubation for 2 days in DMEM supplemented with 0.4% FCS. Cells were exposed to 0.5-1.0 mM hydrogen peroxide for 30 h or 25 M etoposide (Sigma) for 24 h and collected by scraping cells into media in which they had been incubated. Floating cells were also collected. To analyze for the characteristic laddering pattern of DNA degradation in apoptosis, cells were lysed by adding DNA extraction buffer (50 mM Tris-HCl (pH 7.8), 10 mM EDTA⅐Na, and 0.5% w/v sodium N-lauroyl sarcosinate). After phenolchloroform extraction and high speed centrifugation, DNA was recovered in the aqueous phase and precipitated with ethanol/sodium acetate, separated on a 1% agarose gel in TAE buffer (40 mM Tris-Acetate, 1 mM EDTA) and visualized with ethidium bromide.
Paracrine Growth Factor Activity Measurement-Conditioned media obtained from either quiescent NRK vector cells or cells treated with 0.1 M 12-O-tetradecanoylphorbol-13-acetate (TPA) for 30 min at 37°C were employed for determination of soluble growth factor activity. The conditioned media from the WT and NRK vector pretreated with TPA were also collected. Wild-type NRK 52E cells were grown to confluence in 24-well dishes and rendered quiescent by incubation for two days in DMEM without FCS. The cells were then incubated with 500 l of conditioned media for 24 h; 1 Ci of [␤] 3 H]thymidine was added for the final 4 h of incubation. In additional experiments, the conditioned media were subjected to heparin-Sepharose chromatography, and the heparin-bound fraction was batch eluted with 2 M NaCl and dialyzed against media prior to addition to quiescent cells.
Juxtacrine Growth Factor Activity Measurements and Immunoblotting-NRK
proHB-EGF , WT and NRK vector cells were plated in DMEM containing 10% FCS (3 ml/well) in 50-mm plastic dishes and incubated for 48 -72 h. After reaching confluence, the cells were washed three times with DMEM ϩ 2 M NaCl to wash away the soluble HB-EGF bound to cell surface heparan sulfate proteoglycan and fixed with 5% buffered formalin for 5 min (22) . The formalin fixed cells were washed twice with DMEM, scraped from the plate, resuspended, and added to subconfluent monolayers of WT and NRK vector cells for 24 h. In some experiments, [ 3 H]thymidine was added for an additional 2 h, and thymidine incorporation was determined as above; whereas in other experiments, H 2 O 2 (1 mM) was added, and cells were incubated for an additional 30 h. In addition, the formalin-fixed cells were added to subconfluent quiescent A431 cells (1 ϫ 10 6 cells/well). After 5 min, the A431 cells were washed with ice-cold phosphate-buffered saline to remove the overlain cells and solubilized in RIPA buffer (1% Nonidet P-40, 150 mM NaCl, 50 mM Tris-HCl (pH 7.4), 50 mM NaF, 100 M Na 3 VO 4 , 5 mM EDTA, 0.1% SDS, 0.5% sodium deoxycholate, and 1% aprotinin). The protein concentration in the lysate was determined by the BCA protein assay reagent (Pierce). Equal amounts of protein (300 g/lane) were immunoprecipitated by anti-EGF receptor antibody (Upstate Biotechnology, Inc.), coupled with PANSORBIN (Calbiochem), separated on 6% SDS-polyacrylamide gel electrophoresis, and transferred to Immobilon-P (Millipore) in transfer buffer (25 mM Tris-HCl (pH 8.5), 192 mM glycine, 20% methanol at 30 V for 16 h. The membranes were blocked by incubating with Tris-buffered saline (10 mM Tris-HCl (pH 7.4), 150 mM NaCl) containing 3% bovine serum albumin, 0.1% Tween-20 for 2 h at room temperature and incubated with mouse anti-phosphotyrosine antibody (PY 20; Transduction Laboratories, Lexington, KY) for 2 h at room temperature, followed by incubation with horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G (Cappel, Durham, NC) for 1 h at room temperature. Horseradish peroxidase was detected by an ECL kit and exposed on Hyperfilm-ECL (Amersham).
Statistics-Results are presented as the means Ϯ S.E. Statistical comparisons used analysis of variance and the Bonferroni modification of Student's t test with p Ͻ 0.05 indicating significance.
RESULTS AND DISCUSSION
Previous studies have suggested that EGF, or members of the EGF growth factor family, may play an important role in repair of renal epithelial cell injury (8 -14) . Our finding that HB-EGF is strongly induced in renal epithelial cells in response to acute kidney injury (15, 26) suggests that it may serve as an endogenous growth factor for repair of damaged renal epithelial cells. ProHB-EGF is a membrane-anchored precursor that is either cleaved to produce the soluble form of HB-EGF or may signal in the membrane-bound form in a juxtacrine manner (23) . Since our previous in vivo studies used rats to examine HB-EGF expression in renal epithelial cells in response to acute injury, rat membrane-bound HB-EGF precursor was stably transfected into a rat renal epithelial cell line, NRK 52E, to investigate the potential role of proHB-EGF in mediation of renal epithelial survival. NRK 52E is an immortal nontransformed rat renal epithelial cell line that expresses EGF receptors but not prepro-EGF or TGF-␣ (32).
In the present studies, we utilized two clones (E15 and E56) of transfected NRK 52E cells expressing significant levels of proHB-EGF. Fig. 1 We have previously shown that exogenous EGF or HB-EGF is a potent mitogen for quiescent NRK 52E cells (15) . In the present studies, when cells were plated at a density of 1 ϫ 10 5 cells in DMEM supplemented with 10% FCS, there were no obvious differences in growth rates among WT, NRK vector , and NRK proHB-EGF except after 5 days of growth ( Fig. 2A) . However, when grown in 1% FCS, the growth rate of NRK proHB-EGF was approximately 65% faster than that of either WT or NRK vector (Fig. 2B) . When FCS was removed 2 days after plating cells at low density (5 ϫ 10 4 cells/3.5-cm dish) with DMEM, 10% FCS, NRK proHB-EGF continued to grow at a faster rate for the subsequent 2 days than either WT or NRK vector , and the number of surviving NRK proHB-EGF cells was significantly greater 5 days after serum removal (Fig. 2C) . Addition of conditioned media obtained from NRK proHB-EGF to WT or NRK vector had no effect on cell growth or survival (Fig. 2D) . Furthermore, exogenous recombinant HB-EGF (10 Ϫ8 M) had minimal effect upon cell growth or survival under these conditions (data not shown).
In addition to potential regulation of proliferation, EGF as well as other growth factors may serve as cytoprotective agents (33) . EGF has been shown to prevent programmed cell death in PC12, mammary epithelial, and colorectal carcinoma cells and to lessen nitric oxide-induced cytotoxicity in neurons (33) (34) (35) . Of interest in the fetal kidney, exogenous EGF administration decreases apoptotic cell death in the nephrogenic zone of the developing kidney cortex and in the developing medullary papilla (36, 37) . In the present studies, when NRK 52E cells were plated at high density onto plastic dishes (1 ϫ 10 5 cells/1.5-cm dish) in the absence of FCS, NRK proHB-EGF attached although they did not proliferate (Fig. 3A) . At 3 days, cell viability was 84% and only minimal apoptosis was present. In contrast, WT and NRK vector formed few attachments and failed to form clusters, did not proliferate, and by day 2 were noted to undergo apoptosis characterized by condensed nuclei and apoptotic bodies. By day 3, no WT or NRK vector cells survived. Addition of exogenous recombinant HB-EGF (10 Ϫ8 M) to WT or NRK vector only minimally increased cell survival (Ͻ10% increase) (Fig.  3B ), whereas incubation with conditioned media obtained from quiescent NRK proHB-EGF had no effect (data not shown). To assess further whether membrane-associated HB-EGF could confer protection against cytotoxicity in renal epithelial cells, quiescent confluent cells were exposed to H 2 O 2 (0.5-1.0 mM) or etoposide (25 M) . With either stimulus, WT or NRK vector exhibited DNA laddering (Fig. 3C) , whereas NRK proHB-EGF were resistant to both stimuli.
Interactions of cells with extracellular matrix can regulate gene expression, differentiation, and proliferation (38, 39) . When plated in the presence of 10% FCS, the initial attachment of NRK proHB-EGF to plastic substratum at 1, 2, and 3 h was 250% greater than that of WT or NRK vector (Fig. 4A) .
Addition of exogenous recombinant human HB-EGF (10 Ϫ8 M) to WT or NRK vector increased attachment by Ͻ50% (data not shown). In addition to increased attachment, cells stably transfected with proHB-EGF demonstrated increased extracellular matrix gene expression as evidenced by increased steady-state levels of types I and III collagen mRNA (Fig. 4B) . Conditioned media obtained from quiescent NRK proHB-EGF did not augment collagen mRNA expression in either WT or NRK vector . Low levels of type IV collagen mRNA were also detected in NRK 52E cells, which is consistent with previous studies indicating that these cells express little type IV collagen (40) . No differences in the levels of TGF-␤ mRNA levels were observed among the three cell types (not shown).
To examine whether the growth and cytoprotective effects of membrane-bound HB-EGF were due entirely to enhanced attachment to and production of extracellular matrix, we incubated cells under conditions of disrupted cell/ECM interaction. Frisch et al. (20) have previously reported that when MadinDarby canine kidney cells were grown on plates coated with polyHEMA, onto which the cells could not attach, spread, or lay down ECM normally, these cells underwent programmed cell death, a process they termed "anoikis." On polyHEMA, neither WT nor NRK vector formed cell-cell attachments, and both underwent programmed cell death as indicated by detection of apoptotic bodies, DNA laddering, and MTT viability assays and cell counts (Fig. 5, A and B) . These cells also failed to survive when the peptide GRGDTP, which blocks type I collagen, fibronectin, and vitronectin integrin receptors, was added prior to plating cells on plastic substrata, indicating that inhibition of cell-matrix interactions was involved in the observed cell death (Fig. 5A) .
When NRK proHB-EGF were plated on polyHEMA, they formed cell clusters, although they could not attach and spread on this substratum. MTT assays and cell counts revealed 300% greater cell viability than WT or NRK vector . NRK proHB-EGF also exhibited significantly greater viability when plated in the presence of the RGD peptide (Fig. 5) . When NRK proHB-EGF were plated at low density (1 ϫ 10 3 cells/1.5-cm dish), epithelial colony formation did not occur, and cell survival was not different than that of WT or NRK vector . Furthermore, when NRK proHB-EGF were plated at high density in the presence of an anti-HB-EGF blocking antibody, epithelial colony formation was inhibited, whereas preimmune IgG had no effect. Therefore, even in the absence of attachment to extracellular matrix, membranebound HB-EGF promoted increased survival as long as cell-cell interactions could occur.
The mechanisms by which transfection of proHB-EGF increased cell survival under these conditions have not been determined. Frisch et al. (41, 42) have recently reported that anoikis may be mediated by jun kinase activation and is inhibited by overexpression of either focal adhesion kinase or bcl-2 (41, 42) . Further studies must be undertaken to determine whether these protective mechanisms are activated by membrane-bound HB-EGF in the absence of cell/ECM contact in these cells. Whereas the decreased requirement for anchoragedependent growth is consistent with a transformed phenotype, the transfected cells did not proliferate in the absence of exogenous growth factors. It is also noteworthy that the results could not be reproduced by exogenous administration of HB-EGF or when the cells were plated at a density that precluded cell-cell interactions. Further studies were undertaken to examine the potential mechanism of activation of adjacent cells by the membranebound HB-EGF. To determine whether significant HB-EGF (or other growth-promoting agent) was present in a soluble form, conditioned media were applied to quiescent cells, and DNA synthesis was determined. Conditioned media from quiescent NRK proHB-EGF did not significantly increase [ 3 H]thymidine incorporation compared with conditioned media of quiescent NRK vector (Fig. 6) . Activation of protein kinase C has been shown to induce proteolytic cleavage of membrane-bound HB-EGF to its soluble form (22) (23) (24) , and treatment of NRK proHB-EGF with the phorbol ester TPA significantly increased mitogenic activity of the conditioned media. Although TPA-treated conditioned media from NRK vector modestly stimulated [ 3 H]thymidine incorporation in quiescent cells, the magnitude of stimulation was significantly greater by the TPA-treated conditioned media of NRK proHB-EGF . Furthermore, after heparin-Sepharose chromatography, there was no mitogenic activity in the heparin-binding fraction of TPA-treated NRK vector conditioned media compared with quiescent NRK vector (1.26-versus 1.23-fold that seen with no addition of conditioned media), whereas mitogenic activity was still present in the heparin-binding fraction of phorbol 12-myristate 13-acetate-treated NRK proHB-EGF conditioned media compared with quiescent NRK proHB-EGF (3.19-versus 1.39-fold) (n ϭ 2). We next examined whether proHB-EGF could signal in a juxtacrine manner in NRK 52E cells. A431 cells, which express a high density of EGF receptors, were overlain with formalinfixed NRK 52E cells for 5 min, as described under "Experimental Procedures." Subsequent immunoprecipitation of A431 cell lysate with anti-EGF receptor antibody, followed by SDS-polyacrylamide gel electrophoresis separation and immunoblotting with an anti-phosphotyrosine antibody, demonstrated increased tyrosine phosphorylation of the EGF receptor following exposure to NRK proHB-EGF but not WT or NRK vector (Fig. 7A) . When quiescent WT were overlain with formalin-fixed 7C) or overlain with formalin-fixed WT (not shown). These findings suggest that in renal epithelial cells, juxtacrine activation by membrane-bound HB-EGF appears to be more effective than soluble HB-EGF as a cytoprotective agent. In this regard, Steel factor promotes the survival but not the proliferation of primordial germ cells in serum-free cultures by binding to the tyrosine kinase-associated receptor c-kit; whereas steel factor is produced in both soluble and plasma membrane-bound forms, the membrane-bound form is much more effective both in vivo and in vitro in promoting cell survival (43, 44) .
In summary, these results indicate that membrane-bound HB-EGF promotes renal epithelial cell survival, possibly by promoting cell-matrix and cell-cell interactions. The failure of either conditioned media or exogenous HB-EGF to reproduce these findings suggests that juxtacrine or tightly coupled paracrine interactions underlie this cytoprotection. After tubulointerstitial damage in response to immunological or nonimmunological insults, membrane-bound HB-EGF may serve to prevent renal epithelial cell death and reorganize the tubulointerstitial tissues. In addition to defining the molecular mechanisms of renal epithelial cell survival, further studies are needed to determine the intracellular-signaling pathways activated by the receptors, and how these pathways suppress cell death.
